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Quantum frequency conversion (QFC), a critical technology in photonic quantum information
science, requires that the quantum characteristics of the frequency-converted photon must be the
same as the input photon except for the color. In nonlinear optics, the wave mixing effect far away
from the resonance condition is often used to realize QFC because it can prevent the vacuum field
reservoir from destroying the quantum state of the converted photon effectively. Under conditions
far away from resonance, experiments typically require strong pump light to generate large nonlinear
interactions to achieve high-efficiency QFC. However, strong pump light often generates additional
noise photons through spontaneous Raman or parameter conversion processes. Herein, we theoret-
ically study another efficient QFC scheme based on a resonant four-wave mixing system. Due to
the effect of electromagnetically induced transparency (EIT), this resonant QFC scheme can greatly
suppress vacuum field noise at low light levels; consequently, the converted photons can inherit the
quantum state of the input photon with high fidelity. Our research demonstrates that if the conver-
sion efficiency of the EIT-based QFC is close to 100%, the wave function and quadrature variance
of the converted photons are almost the same as the input probe photons.
I. INTRODUCTION
Quantum frequency conversion (QFC) can be used to
not only connect photonic quantum devices with different
frequency requirements but also generate multiple quan-
tum states of photons; it thus plays a key role in long-
distance quantum communication and effective optical
quantum computing [1–4]. An ideal QFC only changes
the color of the photonic qubit while leaving all other
quantum properties unchanged. Frequency conversion
experiments using a single-photon input have been effec-
tive when conducted in various nonlinear solid materials
such as nonlinear crystals [5–9] and optical fibers [10–12].
Most of these QFC approaches based on solid materials
have been realized under conditions far away from res-
onance because such conditions can effectively prevent
the vacuum field reservoir from destroying the quantum
state of the frequency-converted photon.
When under conditions far away from resonance, the
strength of the interaction between light and matter
is greatly reduced, and thus, experiments usually re-
quire a strong pump light to achieve high-efficiency QFC.
However, under strong pump light conditions, additional
noise photons are often generated due to spontaneous
Raman or parametric conversion effects, which can cause
difficulties in the practical application of QFC [13]. Al-
though it is possible to reduce the pump power required
for high-efficiency QFC by using waveguides or optical
fibers, such a reduction causes the coupling loss of input
photons, thus reducing the overall efficiency of the QFC.
Another feasible mechanism through which to achieve
high-efficiency QFC is to use a resonant four-wave mix-
∗Electronic address: yfchen@mail.ncku.edu.tw
ing (FWM) system based on electromagnetically induced
transparency (EIT) [14, 15]. Many quantum applica-
tions based on EIT, including quantum memory [16–18],
photonic transistors [19–21], optical phase gates [22–25],
and frequency beam splitters [26], have been proposed
and demonstrated at the single-photon level because EIT
can appreciably enhance the nonlinear interaction be-
tween photons and suppress vacuum field noise in free
space. Some studies have confirmed that resonant FWM
based on double-Λ EIT can achieve extremely high con-
version efficiency (CE) [27, 28]. In this article, we the-
oretically study the quantum behavior of such an EIT-
based FWM medium and discuss how the vacuum field
reservoir affects the quantum properties of frequency-
converted photons. Our research demonstrates that this
resonant FWM system can be used for low-loss, high-
fidelity QFC. If the CE of the resonant QFC is close to
100%, the vacuum field noise is significantly suppressed
and the quadrature variance of the converted photon is
nearly identical to that of the input photon, regardless of
the quantum state of the input photon.
II. THEORETICAL MODEL
We consider a four-level system with two ground states
and two excited states, as shown in Fig. 1(a). The strong
coupling field (Ωc indicates its Rabi frequency) drives
the transition between the ground state |2〉 and the ex-
cited state |3〉, thereby creating a transparent channel
for the weak probe field driving the ground state |1〉 to
the excited state |3〉 through the Λ-type EIT process.
Under this EIT condition, the FWM process is induced
by a strong driving field (Ωd), which drives the ground
state |2〉 to the excited state |4〉, thereby converting the
probe field into a signal field. In the FWM process,
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FIG. 1: (a) Energy level diagram of an EIT-based resonant
FWM system. The probe and signal fields here are quantized.
(b) Schematic of the propagation direction of each field in (a).
γ31(41) = Γ3(4) + γ3(4) represents the total coherence de-
cay rate from the excited state |3〉(|4〉), where Γ3(4) and
γ3(4) are the total spontaneous decay rate and the de-
phasing rate of the excited state |3〉(|4〉), respectively;
γ21 is the dephasing rate between ground states |1〉 and
|2〉. The probe and signal fields are written in the quan-
tized manner:
Eˆ
(+)
i =
√
~ωi
20V
aˆi(z, t)e
−iωit+i~k·~z, (1)
where V is the cross-sectional area of the medium A mul-
tiplied by the length of the medium L. Permittivity in
the vacuum is represented by 0, aˆi is the slowly vary-
ing annihilation operator of the electrical fields, and the
subscript i can be applied to p or s to represent either
the probe field or the signal field, respectively. Both the
coupling field and the driving field maintain a semiclassi-
cal form because they are high light-level coherent states,
which means that their quantum behavior is ignored here.
Therefore, the interaction Hamiltonian Hˆ for the four-
level EIT-based FWM system is expressed as
Hˆ = −~N
2L
∫ L
0
[
Ωdσ˜42(z, t) + Ωcσ˜32(z, t)
+ 2gpap(z, t)σ˜31(z, t)
+ 2gsas(z, t)σ˜41(z, t) + H.c.
]
dz, (2)
where gp(s) denotes the coupling constant between the
probe (signal) field and the medium. The expression
σ˜jk(z, t) represents a collective slowly varying atomic
operator that obeys the Heisenberg–Langevin equation
(HLE) between states |j〉 and |k〉, namely
∂
∂t
σ˜jk =
i
~
[
H˜, σ˜jk
]− γjk
2
σ˜jk + γ
sp
jk + F˜jk, (3)
where γspjk and F˜jk represent the spontaneous decay rate
and the Langevin noise operator, respectively.
Now, we consider a condition where all light fields are
resonant in the FWM process. To obtain high FWM
efficiency, the spontaneous emission loss in this resonant-
type FWM scheme must be strongly suppressed. A sim-
ple solution is to arrange the applied laser fields to be
configured backwards, as shown in Fig. 1(b) [27]. Be-
cause the driving field and the coupling field propagate
in opposite directions, the direction of the generated sig-
nal field is also opposite to the input probe field in the
backward FWM process.
When the probe field is weak, both the probe field and
the signal field can be regarded as perturbation fields in
the medium, and when considering the zero-order pertur-
bation condition (i.e., the probe field is absent), all the
population remains in the ground state |1〉, specifically
〈σ˜(0)11 〉 = 1. To solve the first-order atomic operators, we
substitute the zero-order results into the relevant first-
order HLE as follows:
∂
∂t
σ˜
(1)
21 = F˜21 −
1
2
γ21σ˜
(1)
21 − i
[
Ωc
2
σ˜
(1)
31 +
Ωd
2
σ˜
(1)
41
]
, (4)
∂
∂t
σ˜
(1)
31 = F˜31 −
1
2
γ31σ˜
(1)
31 − i
[
gpa
†
p +
Ω∗c
2
σ˜
(1)
21
]
, (5)
∂
∂t
σ˜
(1)
41 = F˜41 −
1
2
γ41σ˜
(1)
41 − i
[
gsa
†
s +
Ω∗d
2
σ˜
(1)
21
]
. (6)
To describe the probe and signal fields propagating in
the FWM medium, we next use the Maxwell–Schro¨dinger
equations as follows:(
∂
∂t
+ c
∂
∂z
)
a†p(z, t) = −ig31Nσ˜(1)31 (z, t), (7)(
∂
∂t
− c ∂
∂z
)
a†s(z, t) = −ig41Nσ˜(1)41 (z, t), (8)
where N is the atomic number in the medium. By apply-
ing Fourier transform a†(z, t) =
∫
a†(z, ω)eiωtdω in Eqs.
(4)–(8) and ignoring the relatively small term iωc , Eqs.
(7) and (8) can be rewritten as the coupled equations of
a†p(z, ω) and a
†
s(z, ω) as follows:
∂
∂z
a†p + Λpa
†
p + κpa
†
s =
∑
jk
ζpjkf˜jk, (9)
∂
∂z
a†s + Λsa
†
s + κsa
†
p =
∑
jk
ζsjkf˜jk, (10)
where f˜jk =
√
N
c F˜jk(z, ω) is defined as the renormal-
ized Langevin noise [29], Λp(s) is the EIT profile coeffi-
cient, κp(s) is the coupling coefficient of the probe (sig-
nal) transition, ζpjk and ζ
s
jk are the coefficients of F˜jk,
and F˜jk denotes the Langevin noise operators of inter-
est, jk ∈ {21, 31, 41}. To simplify the backward FWM
model, we consider the conditions of gp = gs = g,
|Ωc| = |Ωd| = |Ω|, γ31 = Γ3 = γ41 = Γ4 = Γ, and
γ21 = 0. Notably, Γ represents the spontaneous decay
3rate contributed by the vacuum field reservoir. Accord-
ing to the preceding conditions, the relevant parameters
in Eqs. (9) and (10) can be obtained as follows:
Λp = −Λs = αΓ
4L
(2iΓω − 4ω2 + |Ω|2)/G(ω), (11)
κp = −κs = αΓ
4L
(−|Ω|2)/G(ω), (12)
ζp21 =
√
αΓ
4L
(−2iωΩ∗ − ΓΩ∗)/G(ω), (13)
ζp31 =
√
αΓ
4L
(4iω2 + 2Γω − i|Ω|2)/G(ω), (14)
ζp41 =
√
αΓ
4L
(i|Ω|2)/G(ω), (15)
ζs21 =
√
αΓ
4L
(ΓΩ∗ + 2iωΩ∗)/G(ω), (16)
ζs31 =
√
αΓ
4L
(−i|Ω|2)/G(ω), (17)
ζs41 =
√
αΓ
4L
(−2Γω − 4iω2 + i|Ω|2)/G(ω), (18)
where G(ω) = ( 12Γ + iω)(2iΓω− 4ω2 + 2|Ω|2). Note that
in Eqs. (11)–(18), we use the replacement of g
2N
c =
αΓ
4L ,
where α denotes the optical depth (OD) of the FWM
medium. The general solutions of Eqs. (9) and (10) are
given by[
a†p(L)
a†s(L)
]
=
[
A
′
B
′
C
′
D
′
] [
a†p(0)
a†s(0)
]
+
∑
jk
∫ L
0
eM(z−L)
[
ζpjk
ζsjk
]
f˜jkdz,
(19)
where
[
A
′
B
′
C
′
D
′
]
= e−ML and M =
[
Λp κp
κs Λs
]
. Con-
sider the boundary conditions a†p(0, ω) and a
†
s(L, ω) in the
backward FWM system, and the expressions of a†p(L, ω)
and a†s(0, ω) can be rewritten as[
a†p(L)
a†s(0)
]
=
[
A B
C D
] [
a†p(0)
a†s(L)
]
+
∑
jk
∫ L
0
[
Pjk
Qjk
]
f˜jkdz. (20)
The matrix elements A, B, C, D, Pjk, and Qjk can be
obtained by comparing the initial boundary value of field
operators and noise terms between Eqs. (19) and (20) as
follows: [
A B
C D
]
=
[
A
′ − B
′
C
′
D′
B
′
D′
−C
′
D′
1
D′
]
, (21)
[
Pjk
Qjk
]
=
[
1 −B
′
D′
0 − 1
D′
]
eM(z−L)
[
ζpjk
ζsjk
]
. (22)
Therefore, according to Eqs. (20)–(22), the creation op-
erator of the probe field and the signal field in the fre-
quency domain are respectively obtained as follows:
a†p(L, ω) =A(ω)a
†
p(0, ω) +B(ω)a
†
s(L, ω)
+
∑
jk
∫ L
0
Pjk(z, ω)f˜jk(z, ω)dz, (23)
a†s(0, ω) =C(ω)a
†
p(0, ω) +D(ω)a
†
s(L, ω)
+
∑
jk
∫ L
0
Qjk(z, ω)f˜jk(z, ω)dz. (24)
The probe transmittance (Tp) and conversion efficiency
(CE) of the backward FWM system are defined as the
ratio of the mean photon number of the input probe field
〈a†p(0, t0)ap(0, t0)〉 = np0(0, t0) to the output probe field
np(L, t) and the converted signal field ns(0, t), respec-
tively. The noise correlation of vacuum reservoir is given
by
〈f˜jk(z, ω)f˜k′ j′(z
′
, ω
′〉 = L
2pic
Djk,k′ j′δ(ω − ω
′
)δ(z − z′),
(25)
where jk ∈ {21, 31, 41} is the subscript of the atomic
operator σ˜jk, and k
′
j
′ ∈ {12, 13, 14} is its adjoint pair
σ˜k′ j′ . The parameter Djk,k′ j′ represents the diffusion
coefficient of the system, which can be obtained from the
fluctuation–dissipation theorem [30, 31]. Combine Eqs.
(23) and (25) and use the inverse Fourier transform; then,
the mean photon number of the output probe field in the
time domain can be obtained as
np =〈a†p(L, t)ap(L, t)〉
=
∫ ∫
A(ω)A∗(ω
′
)〈a†p(0, ω)ap(0, ω
′
)〉ei(ω−ω
′
)tdωdω
′
+
∑
jk
∑
j′k′
∫ ∫
L
2pic
PjkDjk,k′ j′P
∗
j′k′dzdω. (26)
Because the input probe (signal) field and the vac-
uum reservoir are statistically independent of each other,
〈ap(s)F˜jk〉 and 〈a†p(s)F˜jk〉 in Eq. (26) are zero. In
addition, because the input signal field is regarded as
a vacuum field in the theoretical model, 〈as(L, ω)〉 =
〈a†s(L, ω)〉 = 〈a†s(L, ω)as(L, ω)〉 = 0. Now, for simplicity,
we consider the input probe field as a single-mode field
and therefore require
〈a†p(0, ω)ap(0, ω
′
)〉 = δ(ω)δ(ω′)〈a†p(0, t0)ap(0, t0)〉. (27)
Considering this single-mode case in the frequency do-
main is equivalent to assuming that the input probe field
reaches a steady state condition in the time domain.
Therefore, Eq. (26) becomes
np =|A0|2np0 +
∑
jk
∑
j′k′
∫ ∫
L
2pic
PjkDjk,k′ j′P
∗
j′k′dzdω.
(28)
4For the single-mode case, A0, B0, C0, and D0 denote the
coefficients of ω = 0. In addition, the diffusion coefficient
of the current FWM system can be obtained according
to the following Einstein relation [30, 31]:
Djk,k′ j′ =
d
dt
〈σ˜jkσ˜k′ j′ 〉 −
〈[
d
dt
σ˜jk − F˜jk
]
σ˜k′ j′
〉
−
〈
σ˜jk
[
d
dt
σ˜k′ j′ − F˜k′ j′
]〉
. (29)
The obtained Djk,k′ j′ can be expressed as a matrix, as
shown below:
Djk,k′ j′ =

Γ
2
(
〈σ44〉+ 〈σ33〉
)
0 0
0 0 0
0 0 0
 . (30)
Under weak field perturbation conditions, the expected
values of the first-order atomic operators 〈σ˜(1)44 〉 and 〈σ˜(1)33 〉
are both zero; in addition, since the values of higher-
order terms are very small and can be ignored, all matrix
elements in Djk,k′ j′ are approximately zero. Therefore,
the contribution of Langevin noise in Eq. (28) is zero.
The transmittance of the probe field is given by
Tp =
np
np0
= |A0|2 = ( 4
4 + α
)2. (31)
Similarly, we can obtain the CE of the converted signal
field as
CE =
ns
np0
= |C0|2 = ( α
4 + α
)2. (32)
Figure 2 presents the theoretical curves of the probe
transmittance and the FWM efficiency of the converted
signal field versus the OD. The blue (probe) and red (sig-
nal) solid lines are calculated using Eqs. (31) and (32),
respectively. The black dashed lines are plotted using the
semiclassical model [27]; it is evident that the theoretical
predictions of the quantum and semiclassical models are
exactly the same.
III. STATE OF THE CONVERTED PHOTON
We further study the quantum state of the converted
signal photon in the backward resonant FWM system to
check whether the quantum state is affected by the vac-
uum reservoir during the frequency conversion process.
First, we write the density matrix of the output state of
the FWM system as follows:
ρf = UρiU
†, (33)
where ρi = ρ
S(L, t0)⊗ρP (0, t0)⊗ρR is the initial density
matrix of the system and reservoir. The element of the
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FIG. 2: Transmittance of the probe field (blue) and FWM
efficiency of the converted signal field (red) versus the OD
under the conditions of Ωc = Ωd, γ31 = γ41 = Γ, and γ21 = 0.
The solid and dashed lines indicate the theoretical curves cal-
culated using the quantum and semiclassical models, respec-
tively.
density matrix of the converted signal field is given by
〈m| ρS(0, t) |n〉
= 〈m|TrP,R
[
UρiU
†] |n〉
= TrS
{|n〉 〈m|TrP,R [UρiU†]}
= Tr
{
(|n〉 〈m| ⊗ IP ⊗ IR)UρiU†
}
= Tr
{
U†(|n〉 〈m| ⊗ IP ⊗ IR)Uρi
}
, (34)
where IP and IR are the identity matrices of the probe
field and reservoir, respectively. Thus, the density oper-
ator of the element ρSmn(0, t) is given by
ρˆSmn(0, t) = U
†(|n〉 〈m| ⊗ IP ⊗ IR)U. (35)
According to the following equations obeyed by the cre-
ation and annihilation operators, namely
a |n〉 = 1√
n
|n− 1〉 , (36)
a† |n〉 = 1√
n+ 1
|n+ 1〉 , (37)
|0〉 〈0| =
∞∑
l=0
(−1)l
l!
(a†)l(a)l, (38)
ρˆSmn(0, t) can be reformed as
U†(|n〉 〈m| ⊗ IP ⊗ IR)U
= U†
∞∑
l=0
Xmnl
[
a†s(L, t)
]l+n
[as(L, t)]
l+m
U
=
∞∑
l=0
Xmnl
[
a†s(0, t)
]l+n
[as(0, t)]
l+m
, (39)
5where Xmnl denotes the coefficient 1√m!n!
(−1)l
l! for sim-
plicity. Combine Eqs. (24) and (39) and assume that
the input probe is a single-mode field; then, the density
operator of the converted signal field is given by
ρˆSmn(0, t)
=
∞∑
l=0
Xmnl
[
a†s(0, t)
]l+n
[as(0, t)]
l+m
=
∞∑
l=0
Xmnl
[
C0a
†
p(0, t)
]l+n
[C∗0ap(0, t)]
l+m
. (40)
Where the input probe field is the single-photon Fock
state, the density matrix of the input probe photon is
expressed as ρP (0, t0) = |1〉 〈1|. According to Eq. (40),
the element of the density matrix of the converted signal
photon is given by
ρSmn(0, t) = Tr
[
ρˆSmn(0, t)ρi
]
= Tr
{ ∞∑
l=0
Xmnl
[
C0a
†
p(0, t)
]l+n
[C∗0ap(0, t)]
l+m |1〉 〈1|
}
.
(41)
Only two terms in the preceding equation are not zero:
ρS00 = 1 − |C0|2 and ρS11 = |C0|2. Thus, the density
matrix of the converted signal photon in the EIT-based
FWM system is ρS(0, t) = (1−|C0|2) |0〉 〈0|+|C0|2 |1〉 〈1|.
According to Eq. (32), where the OD is large, the CE
of the FWM system can reach nearly 100%; thus, the
quantum state of the converted signal photon is almost
the same as that of the input probe photon, which is the
main characteristic of QFC.
Next, we consider the case where the input probe field
is in a coherent state. The density matrix of the input
probe photon is expressed as ρP (0, t0) = |β〉 〈β|. The ele-
ment of the density matrix of the converted signal photon
is given by
ρSmn(0, t) = Tr
[
ρˆSmn(0, t)ρ
P (0, t0)
]
= Tr
{ ∞∑
l=0
Xmnl
[
C0a
†
p(0, t)
]l+n
[C∗0ap(0, t)]
l+m |β〉 〈β|
}
=
∞∑
l=0
Xmnl 〈β|
[
C0a
†
p(0, t)
]l+n
[C∗0ap(0, t)]
l+m |β〉
=
∞∑
l=0
(C∗0β)
m
(C0β
∗)n√
m!n!
(
− |C∗0β|2
)l
l!
= e−|C
∗
0β|2 (C
∗
0β)
m
(C0β
∗)n√
m!n!
. (42)
This indicates that the converted signal photon inherits
the coherent state characteristics of the input probe pho-
ton and its wave function is |C∗0β〉. We further calculate
the fidelity between the input probe photon state and
the converted signal photon state according to the def-
inition in [32], where the example of the coherent state
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FIG. 3: The fidelity versus the CE of the EIT-based QFC.
The black solid and dashed lines represent the theoretical pre-
dictions that the average photon number of the input probe
field (coherent state) is 1 and 10, respectively. The red solid
line is the theoretical curve when the input probe field is in
the single-photon Fock state.
is |〈β|C∗0β〉|. Figure 3 is a plot of the fidelity of EIT-
based QFC as a function of CE, as determined according
to Eqs. (41) and (42). Where the input probe photon
is the single-photon Fock state, the fidelity of the con-
verted signal photon is equal to the square root of the
CE, as shown by the red solid line in Fig. 3. Take the
single-photon Fock state of the input probe field as an
example, when the OD is 500, the EIT-based QFC can
achieve 98% CE and 0.99 fidelity.
IV. QUADRATURE VARIANCE
We next study the quadrature variance of the quantum
state of the converted signal photon. The two Hermitian
quadrature operators X and Y are respectively defined
as
Xs =
1
2
[
as(0, t) + a
†
s(0, t)
]
, (43)
Ys =
1
2i
[
as(0, t)− a†s(0, t)
]
. (44)
As in the previous section, the input probe photon is
assumed to be a single-mode field in the frequency do-
main: a†p(0, ω) = δ(ω)a
†
p(0, t0). Combine Eqs. (24) and
(43) and assume that the input signal field is a vacuum
state; then, the quadrature variance of the converted sig-
nal photon can be obtained as follows:
6∆X2s (0, t) = 〈X2s (0, t)〉 − 〈Xs(0, t)〉2
=
1
4
{
|C0|2〈(ap0 + a†p0)2〉+ |D0|2〈(as0 + a†s0)2〉
− |C0|2〈ap0 + a†p0〉2 − |D0|2〈as0 + a†s0〉2
+ η1 + η2
}
. (45)
Of these, ap0 = ap(0, t0) and as0 = as(L, t0) represent the
input probe field and input signal field, respectively, and
η1 and η2 represent the contribution of Langevin noise in
the FWM system, as shown below:
η1 =
∑
jk
∑
j′k′
∫ ∫
L
2pic
QjkDjk,k′ j′Q
∗
j′k′dzdω, (46)
η2 =
∑
jk
∑
j′k′
∫ ∫
L
2pic
Q∗
j′k′Dk′ j′ ,jkQjkdzdω. (47)
Under the same conditions given in Eq. (28), the noise
term η1 is zero. In addition, by using the commutation
relation [as(0, t), a
†
s(0, t)] = 1, the noise term η2 can be
obtained as follows:
η2 = 1− |C0|2 − |D0|2 + η1. (48)
Therefore, Eq. (45) is simplified as
∆X2s (0, t)
=
1
4
{
|C0|2
[
4∆X2p0 − 1
]
+ |D0|2
[
4∆X2s0 − 1
]
+ 1
}
=|C0|2∆X2p0 +
1
4
(1− |C0|2), (49)
where ∆Xp0 and ∆Xs0 respectively represent the quadra-
ture variance of the input probe field and input signal
field. Here, we use ∆Xs0 =
1
2 because the input signal
field is a vacuum state. Similarly,
∆Y 2s (0, t) = |C0|2∆Y 2p0 +
1
4
(1− |C0|2). (50)
In the same manner, the square quadrature variance of
the output probe field can also be obtained:
∆X2p(L, t) = |A0|2∆X2p0 +
1
4
(1− |A0|2), (51)
∆Y 2p (L, t) = |A0|2∆Y 2p0 +
1
4
(1− |A0|2). (52)
The square quadrature variance in Eqs. (49)–(52) can
be divided into two parts. The first part contains ∆X2p0
or ∆Y 2p0, indicating the quantum variance inherited from
the input probe field. The second part is 14 (1− |C0|2) or
1
4 (1− |A0|2), which is only contributed from the vacuum
reservoir. If |C0|2 → 0, the quantum characteristic in-
herited from the input probe field completely disappears.
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FIG. 4: Quadrature variance of the converted signal field
versus the CE of EIT-based QFC, where the input probe field
is in (a) coherent state, (b) squeezed state (blue and red lines
represent ∆X2s and ∆Y
2
s , respectively) with 10 dB squeezing,
and (c) single-photon Fock state; ∆X2s and ∆Y
2
s are exactly
the same in (a) and (c).
By contrast, if |C0|2 → 1, meaning that CE approaches
100%, the quadrature variance of the converted signal
field is almost the same as the input probe field, thus
exhibiting the characteristics of QFC.
We further use the input probe field in coherent,
squeezed, and Fock states to calculate the quadrature
variance of the converted signal field. If the input probe
field is in a coherent state, regardless of CE, the quadra-
ture variance of the converted signal field is 0.5, as shown
in Fig. 4(a). This result means that when the input probe
field is in a coherent state, the quadrature variance of the
converted signal field in the EIT-based FWM process re-
mains unchanged. In this case, because the converted
signal field undergoes a dissipation process caused by the
vacuum reservoir, its wave function is |C∗0β〉, as described
in the previous section.
Figure 4(b) is a plot of the quadrature variance of the
converted signal field as a function of CE for the case
where the input probe field is a squeezed state with 10
dB squeezing of ∆X2p0 = 5 and ∆Y
2
p0 =
1
20 . When the
CE is close to 100%, the converted signal field completely
inherits the quadrature variance of the input probe field.
However, when CE approaches 0, the converted signal
field returns to the coherent state contributed by the vac-
uum reservoir. Finally, where the input probe field is a
single-photon Fock state, the change in the quadrature
variance is similar to the case of the squeezed state, as
shown in Fig. 4(c).
V. CONCLUSION
In this article, we theoretically demonstrate that EIT-
based resonant FWM can be used for high-fidelity QFC
and its CE can nearly reach 100% under ideal conditions.
In addition, through theoretical analysis, we illustrate
how the vacuum reservoir distorts the wave function and
quadrature variance of the frequency-converted photon
during the resonant FWM process. Our research shows
that if the CE of EIT-based QFC is close to 100%, then
7the wave function and quadrature variance of the con-
verted photons are almost the same as those of the input
probe photons. This high-fidelity QFC based on resonant
FWM can be easily combined with EIT-related photon
manipulation technology, meaning that it has the poten-
tial for application in optical quantum communication
and optical quantum computing.
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